Abstract: Heterogeneous atom transfer radical polymerization (ATRP) of styrene initiated by 2-bromo-2-nitropropane in bulk was carried out with CuCl/2,2′-bipyridine as the catalyst. The kinetics was first order in monomer and the numberaverage molecular weight of the polymer increased linearly with monomer conversion, indicating the 'living'/controlled nature of the polymerization. However, the number-average molecular weight was usually higher than the theoretical one. The nitro group might react with the Cu complex, resulting in insufficient initiation. The amount of catalyst has no effect on the controllability of this catalyst system for the ATRP of styrene. The presence of a halide end group in the obtained polymer was confirmed by both 1 H NMR and chain-extension reaction.
Introduction
Atom transfer radical polymerization (ATRP) is now well established as a highly versatile method for the synthesis of polymers with controlled structures [1] . It is based on the reversible dynamic equilibrium between the active and the dormant species catalyzed by a transition metal complex. The choice of a suitable initiator is essential for attaining a well-controlled radical polymerization system. Therefore, much attention has been paid to find effective initiators. In addition, using functional initiators allows for the preparation of end-functional polymers. So far, a lot of functional groups such as carboxyl [2] , hydroxyl, primary amine [3] , disulfide [4] , or uridine [5] have been successfully introduced into the polymers by ATRP techniques. An overview about functional polymers by ATRP has recently been published [6] . Most of the initiators thus far successfully employed are organic halides with active C-X [7] [8] [9] [10] [11] [12] [13] [14] , S-X [15, 16] , N-X [17, 18] bond, which can generate radicals stabilized through electronic effects of adjacent functional groups. The C-Br bond in 2-bromo-2-nitropropane (BNP) is activated by the nitro group at the α site of the carbon atom to cause it to cleave easily. According to this principle, BNP with its nitro group is also a potential initiator for ATRP. Furthermore, polystyrene with nitro end group might find applications in biological and medical fields after the nitro group was hydrolyzed or substituted by an amino group. So far, to the best of our knowledge, nitro-groupfunctionalized initiators have not been used in ATRP. In this article, we describe our studies on the copper halide mediated ATRP of styrene initiated by 2-bromo-2-nitropropane. The results show that BNP can also serve as an effective initiator for the 'living'/controlled radical polymerization of styrene using CuCl/bpy as the catalyst.
Experimental part
Styrene (St) (Chemically Pure, Shanghai Chemical Reagent Co. Ltd.) was purified by washing with 5% NaOH aqueous solution, followed by washing with deionized water. It was dried with anhydrous sodium sulfate overnight, and finally distilled over CaH 2 in vacuum before use. Copper (I) chloride (CuCl) (Analytical reagent, from Shanghai Zhenxin Chemical Reagent Factory) was dissolved in hydrochloric acid, precipitated into a large amount of deionized water, filtered, washed with absolute ethanol, and dried in vacuum. 2-Bromo-2-nitropropane (BNP) (Acros, 98%), 2,2'-bipyridine (bpy) (Analytical reagent, from Shanghai Chemical Reagent Co. Ltd.), tetrahydrofuran (THF) (Analytical Reagent, Shanghai Chemical Reagent Co. Ltd.), hydrochloric acid (HCl) (Analytical Reagent, Jiangsu Jincheng Chemical Reagent Co. Ltd.) and methanol (commercially available) were used without any further purification.
Polymerization
CuCl (17.4 mg) and bpy (81.3 mg) were placed in an oven-dried glass tube. The tube was fitted with a rubber septum, evacuated and flushed with dry N 2 three times. St (2 ml) was transferred to the tube via a degassed syringe. The mixture was stirred rapidly under nitrogen, which imparted a deep brown colour to the solution. A predetermined volume of BNP (9.3 µl) was added via a degassed injector and the resulting solution was degassed by three freeze-pump-thaw cycles. Then the tube was sealed under nitrogen and placed in an oil bath thermostat at the desired temperature. At timed intervals of polymerization, the tube was cooled in ice water. Afterwards, the tube was opened and the contents were dissolved in 2 ml THF, then precipitated into a large amount (about 250 ml) of methanol/HCl (100/0.05 v/v). Monomer conversion was determined gravimetrically.
Characterization
Molecular weights and molecular weight distributions of the polymers were measured by gel permeation chromatography (GPC) using a Waters system equipped with a refractive index detector and a Waters 1515 pump. Polystyrene standard samples were used to calibrate three columns (HR 1, HR 3, and HR 4 columns, molecular weight range 100 -500 000). THF was used as the eluent with a flow rate of 1.0 mL/min at 30°C. 1 H NMR spectra were recorded in CDCl 3 with an INOVA 400 MHz spectrometer at ambient temperature.
Results and discussion
Styrene was polymerized in bulk using CuCl/bpy as catalyst and BNP as the initiator at 120°C. Fig. 1 shows that the polymerization of styrene proceeds through first-order kinetics with respect to monomer concentration, indicating that the living-radical concentration is constant during the polymerization process. From Fig. 1 , it also can be seen that the monomer conversion increased with the reaction time. We could observe that the colour of the system changed to green (typical colour for Cu II species in the presence of Cu I [19] ) when BNP was injected into the reactive solution, indicating the formation of a large quantity of Cu II . Probably, this implied the complexation of Cu II with the nitro group of the initiator [20] , resulting in a low polymerization rate for the ATRP of styrene. Fig. 2 shows that the molecular weight increased linearly with conversion. However, the experimental molecular weights were higher than the theoretical ones, which were calculated as M n,th = [St] 0 /[BNP] 0 × M St × conversion + M initiator . The efficiency (f) of the initiator, calculated as f = M n,th /M n,GPC , was 0.55 -0.65. The polydispersity (M w /M n ) was 1.66 at the beginning of the reaction, and then it decreased to 1.42. The low initiator efficiency of BNP might be a consequence of the undesirable side reaction. The bidentate nitro group maybe forms a Cu 2+ complex (Scheme 1) [20] . The reaction can be considered as competitive with the initiation step. Pan et al. observed a similar phenomenon when they carried out the homopolymerization of p-nitrophenyl methacrylate using the ATRP technique [21] .
The dependence of the molecular weight on the conversion was monitored during the reaction and it is clear from the GPC traces depicted in Fig. 3 that the entire distributions shift towards higher molecular weights with increasing monomer conversion. However, all GPC curves showed some tailing towards low molecular weight. Fig. 3 shows the 1 H NMR spectrum of the polymer in CDCl 3 . Signal a at 4.4 ppm is assigned to the proton of one end group, i.e., to -CH 2 C(Ph)H-Cl as mentioned in ref. [22] . In addition, M n,NMR is about 7200, which is close to the value from GPC based on PS standards, M n,GPC = 6800, but higher than the value of M n,th (4000). It demonstrates that not all PSt chains were terminated by chloride.
An additional method for verifying the functionality of the polymer prepared via ATRP is using it as a macroinitiator for the polymerization with the same or other monomers. Chain-extension of the PSt sample with styrene was conducted at 120°C in toluene with [St] Fig. 4 , a chain-extended PSt with M n,GPC = 22 200 and M w /M n = 1.41 was obtained after a reaction time of 35.5 h. The increased molecular weight and the unimodal shape of the GPC trace of the chain-extended polymers demonstrated successful chain-extension. However, the obvious tailing of the GPC trace towards low molecular weight after chain extension indicated the presence of dead chains in the macroinitiator. In addition, M w /M n of the chain-extended polymer was lower than that of the macroinitiator.
Conclusion
As a new initiator, 2-bromo-2-nitropropane was successfully used to initiate the polymerization of St via an ATRP process. The number-average molecular weights of polymers increased with increasing monomer conversion and the kinetics were firstorder in monomer. M w /M n of the polymer was as low as 1.42, the initiator efficiency was 0.6 -0.77.
1 H NMR spectroscopy of the obtained polymer and successful chain extension further proved the ATRP mechanism of this new initiation system.
